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CYP2C9 gene variants, drug dose, and bleeding risk
in warfarin-treated patients: A HuGEnet™
systematic review and meta-analysis

Simon Sanderson, DPH', Jon Emery, DPhil°, and Julian Higgins, PhD’

Purpose: Two common variant alleles of the cytochrome CYP2C9 (CYP2C9*2 and CYP2C9*3) lead to reduced
warfarin metabolism in vitro and in vivo. The study objective was to examine the strength and quality of existing
evidence about CYP2C9 gene variants and clinical outcomes in warfarin-treated patients. Methods: The study was
a systematic review and meta-analysis. Multiple electronic databases were searched, references identified from
bibliographies were sought, and experts and authors of primary studies were also contacted. Strict review inclusion
criteria were determined. Three reviewers independently extracted data using prepiloted proformas. Results: In all,
11 studies meeting review inclusion criteria were identified (3029 patients). Nine were included in the meta-
analyses (2775 patients). Random effects meta-analyses were performed; statistical heterogeneity and inconsis-
tency was assessed. Twenty percent of patients studied carry a variant allele: CYP2C9*2 12.2% (9.7%-15.0%) and
CYP2C9*3, 7.9% (6.5%—-9.7%). Mean difference in daily warfarin dose: for CYP2C9*2, the reduction was 0.85 mg
(0.60-1.11 mg), a 17% reduction. For CYP2C9*3, the reduction was 1.92 mg (1.37-2.47 mg), a 37% reduction.
For CYP2C9*2 or *3, the reduction was 1.47 mg (1.24-1.71 mg), a 27% reduction. The relative bleeding risk for
CYP2C9*2 was 1.91 (1.16-3.17) and for CYP2C9*3 1.77 (1.07-2.91). For either variant, the relative risk was
2.26 (1.36-3.75). Conclusions: Patients with CYP2C9*2 and CYP2C9*3 alleles have lower mean daily warfarin
doses and a greater risk of bleeding. Testing for gene variants could potentially alter clinical management in
patients commencing warfarin. Evidence for the clinical utility and cost-effectiveness of genotyping is needed

before routine testing can be recommended. Genet Med 2005:7(2):97-104.

Key Words: CYP2C9 polymorphisms, pharmacogenetics, warfarin, bleeding risk, drug dose.

The cytochrome P450 complex is a group of hepatic micro-
somal enzymes responsible for the oxidative metabolism of
various substrates and the synthesis of cholesterol and other
lipids.! The CYP2C9 isoenzyme is primarily responsible for the
metabolism of a number of important drugs, including warfa-
rin, phenytoin, losartan, tolbutamide, glipizide, and diclofe-
nac. The gene coding for CYP2C9 has been mapped to the long
arm of chromosome 10 (10q24.2), within a cluster of cyto-
chrome P450 genes.?

GENE VARIANTS

Around 12 CYP2C9 variants have now been identified
(http://www.imm.ki.SE/CYPalleles/). The most common vari-
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ant is considered to be the wild-type allele, CYP2C9*1. Two
variants are known to reduce the metabolism of warfarin:
CYP2C9*2 by 30% to 50% and CYP2C9*3 by around 90%.!-3
The functional significance of the other alleles has yet to be
fully determined. Over 30% of European and Caucasian pop-
ulations have one or both of the CYP2C9*2 or CYP2C9*3 al-
leles, with allele frequencies of 0.1 and 0.08, respectively.?
However, these two variants are extremely rare in Asian and
African American populations, with over 95% of these popu-
lations expressing the wild-type genotype. Other variant alleles
(CYP2C9*4-*6 and CYP2C9*11) have population allele fre-
quencies of 0.01 or less, with the frequencies of other alleles
(CYP2C9*7-%10) still to be established.!

CLINICAL CONTEXT

Warfarin is now commonly used for the prevention of arte-
rial and venous thromboembolism.*5 It is a difficult drug to
manage because of its narrow therapeutic index and because
patients’ response to warfarin is highly variable: it is influenced
by ageing, coprescribed drugs, diet, alcohol consumption, and
comorbid conditions.
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Bleeding remains the most serious complication despite the
adoption of less intensive anticoagulation target levels, special-
ist anticoagulant clinics, and computerized systems for dose
adjustment. In the ISCOAT prospective study of bleeding risk
on warfarin therapy, bleeding complications occurred at a rate
of 8 per 100 patient years.¢

Several studies have examined the effect of CYP2C9 variants
on warfarin dose requirements, measures of anticoagulation
control, and bleeding risk. Some studies have shown that pa-
tients with gene variants require lower maintenance doses and
have a greater risk of bleeding than wild type. The purpose of
this study is to examine the strength and quality of existing
evidence about the relationship between common CYP2C9
gene variants and clinical outcomes in warfarin-treated pa-
tients. This study is the first systematic review and meta-anal-
ysis of this topic.

SYSTEMATIC REVIEW AND META-ANALYSIS METHODS

This review was conducted using guidance from the Co-
chrane Collaboration and the Centre for Reviews and Dissem-
ination, with reference to recently published guidance from
the Human Genome Epidemiology Network for reporting
gene-disease associations.”—®

Review inclusion criteria

Studies were included that recruited patients commencing
or established on warfarin who were tested for CYP2C9 vari-
ants from anticoagulant clinics or their equivalent. A study had
to report at least one of the following outcome measures: drug
dose, indicators of anticoagulation control, and bleeding
events.

A number of studies used the Fihn criteria for classifying
anticoagulant-related bleeding events, although they were not
used in all studies.’® We therefore combined bleeding events
from studies however they were defined. We did not analyze
the severity of bleeding events because of differences in classi-
fication between studies, the small number of studies reporting
bleeding events, and the small number of events reported in
total.

Search strategy

PUBMED (Medline, using MeSH headings and text words)
was searched from 1980 (the year that CYP2C9 gene was se-
quenced) to 2003; EMBASE (subject headings and text words)
was searched from 1980 to 2003. The search terms are con-
tained in the Appendix. The Human Genome Epidemiology
network database, the Cochrane Library, and the Database of
Abstracted Reviews of Effects were also systematically
searched. All databases were searched between January 21 and
23,2003. Reference lists of nonsystematic reviews and primary
studies were scrutinized. Study authors and experts were con-
tacted in an attempt to find unpublished studies, to obtain
additional data, or to answer specific questions about study
methodology or results.
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Data extraction

Two reviewers (S.S. and J.E.) independently extracted data
from identified studies using prepiloted proformas. Reviewers
compared results and resolved any differences by discussion. A
third reviewer (J.H.) also extracted numerical data required for
meta-analysis, which were then confirmed by S.S.

Assessment of study quality

No quantitative methods were used to rate quality but the
following quality indicators were abstracted’>!!: (1) adequate
description of the study population; (2) a clear description of
study design and recruitment methods; (3) case and/or control
group definitions, inclusion and exclusion criteria; (4) the
proportion of recruited subjects included in the analysis and
how excluded subjects were dealt with; (5) description of
genotyping methods used and quality control measures; (6)
appropriate blinding of investigators to study outcomes; (7) a
statement of how ethnicity was dealt with in study populations;
and (8) data ascertainment methods (e.g., medical records,
self-report).

Statistical analysis

Hardy Weinberg equilibrium (HWE) for the six genotypes
was tested within each study using Pearson chi-squared good-
ness-of-fit test, treating 2C9*2 and *3 as different alleles at the
same locus. HWE was tested across studies for each polymor-
phism separately using the Wald-type test proposed by Tro-
endle and Yu.'?> Random effect meta-analyses were conducted
to provide combined estimates of allele frequencies. The anal-
yses reported below are random effects meta-analyses of the
mean difference in daily warfarin dose and the relative risk of
bleeding. We compared 2C9*2 carriers with non-2C9*2 carri-
ers, 2C9*3 carriers with noncarriers and carriers of 2C9*2 or *3
(or carriers of both *2 and *3) with carriers of neither.

Statistical heterogeneity was measured using conventional
methods and a newer measure, called I?. I* is a measure of
inconsistency across studies that is essentially independent of
the number of studies and the choice of effect measure (unlike
the Cochran Q test or the among-study variance). It describes
the degree of variation attributable to heterogeneity rather
than sampling error and is reported as a percentage.!14

RESULTS

Study inclusion and characteristics

Table 1 describes the characteristics of the 11 primary stud-
ies that met the review’s inclusion criteria.'>-2% Details of the
study setting, design, and patient profiles are included. Ten of
the eleven studies were performed in Caucasian patients, so
that stratification by ethnic group is not possible from the data.
No unpublished studies were identified from our contact with
the authors of primary studies and experts in this discipline.
Leung’s study in Hong Kong Chinese patients was excluded
from the meta-analysis because it investigated novel CYP2C9
gene variants??> and because the nonspecific primers used in
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this study have been questioned.?¢ Freeman’s research group
conducted a pilot study and a larger, definitive study, with their
results published separately.!®2> We have been unable to ascer-
tain whether the pilot study results were included with the later
results. We have assumed that they were and so have only used
data from the later study.

The study by Ogg was a post hoc analysis of a convenience
sample of subjects from the Thrombosis Prevention Trial,
measuring wild-type and 2C9*3 alleles only.!” Furuya (the first
known published study linking CYP2C9 and warfarin dose in
vivo) measured only wild-type and 2C9*2 alleles.!> Nine sepa-
rate studies investigating CYP2C9 variants and warfarin-re-
lated outcomes were therefore available for meta-analysis
(2775 subjects).

Genotype and allele frequencies

Approximately one-fifth of the Caucasian warfarin-treated
patients studied carried a variant allele (Table 2). The com-
bined allele frequency for 2C9*2 is 12.2% (9.9%-15.0%) and
7.9% (6.5%-9.7%) for 2C9*3. There is some evidence of non-
conformity to HWE for the Higashi study only; its impact was
assessed in sensitivity analysis (see later sections).

Daily warfarin dose and genotype

Eight studies were included in this analysis!6—1820,21,23-25
(Figs. 1-3). Subjects who carry at least one copy of a variant
allele have a lower mean daily dose compared to wild type:
2C9*2, 0.85 mg less (0.60—1.11, 8 studies, heterogeneity chi-
squared = 5.34, I’ = 0%), a percentage reduction of 17%;
2C9*3, 1.92 mg less (1.37-2.47, 8 studies; heterogeneity chi-
squared = 36.9; I* = 81%), a percentage reduction of 37%; and

2C9*2 or *3, 1.47 mg less (1.24-1.71, 7 studies; heterogeneity
chi-squared = 22.2;I* = 73%), a percentage reduction of 27%.

Bleeding risk and genotype

Four studies measured the occurrence of bleeding events
(Fig. 4).16:17:20.25 Of these, only three reported bleeding risk by
genotype.'7-20:25 The fourth article reported bleeding risk for
patients in a predefined low-dose category, (< 1.5 mg daily)
rather than by genotype and so was excluded from the meta-
analysis.'® The reported relative risks (RR) are combinations of
rate ratios and risk ratios.

Subjects who carry at least one copy of a variant allele have
an increased relative risk of bleeding compared with noncarri-
ers of that allele: 2C9*2 RR = 1.91 (1.16-3.17, 2 studies);
2C9*3RR = 1.77 (1.07-2.91, 3 studies); 2C9*2 or *3 RR = 2.26
(1.36-3.75, 2 studies).

DISCUSSION

This systematic review shows that variant alleles are com-
mon in Caucasian warfarin-treated patients, with around 20%
of patients carrying at least one variant. There is strong and
consistent evidence for a lower maintenance dose for patients
with either 2C9 variant, with on average, the lowest require-
ment for patients with 2C9*3. In the studies reporting bleeding
events, the risk of bleeding is approximately doubled for pa-
tients with a variant allele. It is possible that the small number
of studies examining bleeding events may only have been re-
ported because of the magnitude of effect observed.

There is considerable variation in the effect of genotype on
dose requirements in two of the three meta-analyses. In partic-

Table 2

Genotype and allele frequencies and tests for Hardy-Weinberg equilibrium

Genotype Genotype frequencies
Genotype frequencies (combined frequencies (allele 2 (allele 3
Sample polymorphisms) Test for HWE* M Allele 2 polymorphism)* Allele 3

Study size -1 12 1-3 22 2-3 3-3 withinstudy  1,-1, 1,-2 2-2 frequency 1;-1; 15-3  3-3 frequency
Furuya 94 58 36 0 0.191
Ogg 233 201 30 2 0.073
Aithal 100 06 02 017 0.02 0 0.01 P =041 78 20 2 0.120 82 17 1 0.095
Taube 561 0.69 0.19 0.09 0.005 0.01 0 P=0.25 445 113 3 0.106 502 59 0 0.053
Margaglione 180 116 64 0 0.178 150 28 2 0.089
Loebstein 156 0.69 0.18 0.12 0 0.02 0 P =047 126 30 0 0.096 136 20 0 0.064
Tabrizi 153 0.7 014 0.14 0.006 0.006 0.006 P =10.90 129 23 1 0.082 130 22 1 0.078
Scordo 93 0.58 0.16 0.17 0.02 0.04 0.02 P=0.73 72 19 2 0.124 71 20 2 0.129
Higashi 185 0.69 0.15 0.1 0.02  0.02 0.03 P =0.00 150 31 4 0.105 159 21 5 0.084
Test for HWE across studies for polymorphisms separately (Troendle-Yu) P =0.009 P =0.033

Meta-analytic estimates of allele frequencies

0.12 (95% CI 0.10 to 0.15) 0.08 (95% CI 0.06 to 0.10)

“HWE, Hardy Weinberg equilibrium; YAllele 1, refers to “not allele 2,” i.e., either 1 or 3 because not all studies measured all three alleles; “Allele 1, refers to “not allele

3,” i.e., either 1 or 2 because not all studies measured all three alleles.
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ular, when comparing 2C9*3 with the wild type, approxi-
mately 81% of the observed variation appears to be due to
genuine differences among the studies (Fig. 2). Thus the exact
degree to which a variant allele is associated with a lower war-
farin dose may be unpredictable. Inconsistency in the results of
gene-disease association studies is a well-known problem, es-
pecially when studies are small.2” Despite the lack of agreement
in the size of the reduction in dose requirement, we have found
that the direction of effect is consistent across all studies, and
the high value of I* does not affect our fundamental conclu-
sion. Indeed, we have observed that accumulation of evidence
on the association has confirmed early reported results, a valu-
able finding that can arise from a meta-analytic approach.?s
Unfortunately, we did not have sufficient studies to examine
the dependence of genotype effects on characteristics of the
studies (such as design) or participants (such as ethnicity).
These may be key causes of the bias or variability in results.

February 2005 - Vol. 7 - No. 2

daily dese

However, methods for investigating heterogeneity are not
reliable.?”

We believe that we have identified all available studies
through a comprehensive and sensitive search strategy and by
seeking unpublished data from study authors. We have not
used common measures of publication bias (such as funnel
plots) because of the low number of studies in the review.

Most studies were conducted in Caucasian patients, with
some using specific population restrictions. This is important
because 2C9*2 and 2C9*3 alleles are extremely rare in African
American and most Asian populations. Further study to iden-
tify new alleles in these populations is needed, particularly as
many Asian patients are much more sensitive to warfarin than
Caucasian patients.??

There is evidence of nonconformity to HWE for the Higashi
study only. The study reported that the frequency of 2C9*3
homozygotes was four times greater than expected under
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HWE. Possible explanations provided by the authors are that
they used direct sequencing of exons 3 and 7, compared to
previous studies that used restriction enzyme techniques. Se-
quencing is felt to be more accurate, implying that previous
studies may have underestimated the frequency of the 2C9*3
allele. However, the authors do not state whether they ex-
cluded genotyping errors from their own analysis. Another
possible explanation is selection bias, with the 2C9*3 allele be-
ing overrepresented in this study population (or underrepre-
sented in previous studies) because of local referral patterns,
although the authors found no supporting evidence for this
possibility. The conclusions from all meta-analyses are robust
to the exclusion of this study.

Most studies provide little information to explore interac-
tions between genotype and nongenetic factors (such as age,
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coprescribed drugs, coexisting disease, diet, or consumption of
alcohol) on daily dose requirements or bleeding risk. These
factors may modify the effect of genotype on warfarin metab-
olism and warfarin-related treatment outcomes, so it is possi-
ble that much of the variability of a patients response to war-
farin is “environmental” rather than “genetic.”?® We were
unable to investigate this further because of the limitations in
the way primary studies were conducted and reported.

The evidence for the impact of genotype on risk of bleeding
is less clear. Three studies contributed to the meta-analy-
sis'7:2025 and together suggested an approximate doubling of
risk.1617:25 In addition, Aithal'¢ found that patients on low dose
warfarin (< 1.5 mg) had a greater chance of having both a
variant allele and an increased risk of bleeding.

Several studies related gene variants or risk of bleeding to
intensity of anticoagulation. Higashi?® found evidence for an
association between variant alleles and a higher risk of over-
anticoagulation. However, the study by Margaglione? found
that the higher risk of bleeding did not coincide with raised
INR results but was observed in patients with potential sources
of bleeding such as fibroids or gastrointestinal polyps carrying
variant alleles. The study by Taube!® did not find any relation-
ship between over-anticoagulation and bleeding in patients
with variant alleles although very few episodes of over-antico-
agulation were reported and there were no bleeding events.
However, the study population included only stable patients
with a low target INR of 2.5.

These conflicting results could be explained by differences in
treatment and monitoring regimens in different treatment
centers, the selection criteria for study populations (especially
whether all patients on warfarin are included, only those who
are stable, or only those who have low target INRs: only four
studies had unrestricted INR inclusion criteria), the distribu-
tion of interacting environmental factors in study populations,
and the fact that bleeding is an uncommon adverse event.
These factors may lead to an underestimation of the risk of
bleeding in these studies. A risk of bleeding unrelated to the

Genetics IN Medicine
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intensity of anticoagulation is not easily explained, unless the
CYP2C9 locus has other (unknown) effects on hemostasis. It
has been argued that once treatment is stabilized, patients with
variant alleles are not more prone to over-anticoagulation and
bleeding than patients without variant alleles.>

IMPLICATIONS

We would suggest that no more studies confirming the as-
sociation of CYP2C9 genotype and warfarin dose requirements
are required in Caucasian patients. Dosing in other ethnic
groups has not been well studied and there may be other im-
portant genetic variants in these groups. Studies are needed to
clarify the interaction of CYP2C9 genotypes and other factors
such as age, comorbidity, drugs, and alcohol consumption.

Genotyping warfarin-treated patients who are stable is
probably unnecessary because these patients can be adequately
managed on the basis of phenotypic tests (INR) and relevant
factors from the patient’s clinical history. It is likely that the use
of more rigorous warfarin nomograms and intensive monitor-
ing during high-risk periods, with preemptive dose reductions
when necessary, might be a more effective and pragmatic way
of reducing the risk of adverse events without the need for
genotyping.

There are two possible roles for genotyping. First, CYP2C9
testing could identify high-risk patients who might benefit
from conservative induction regimens, lower maintenance
doses, and more frequent clinical and laboratory monitoring.
Second, genotyping may also assist the choice of drug for pa-
tients considering “elective” anticoagulation; for example, for
nonrheumatic atrial fibrillation. Patients with variant geno-
types (especially those with the 2C9*3 allele) may choose an
alternative drug, such as aspirin. Direct thrombin inhibitors
are also in development and these could provide another alter-
native once available.?!

However, evidence presented in this review is insufficient to
make a case for genotyping in routine clinical practice yet be-
cause it focuses on the association between CYP2C9 gene vari-
ants and clinical outcomes, thus providing important informa-
tion on clinical validity. Specifically, we require evidence of
clinical utility (the likelihood that the test will lead to an im-
proved health outcome) and cost-effectiveness of CYP2C9
genotyping compared to current care (based on phenotypic
testing).3?

A randomized trial of CYP2C9 genotyping and anticoagula-
tion may make generating this evidence difficult because of the
large number of patients required to demonstrate any reduc-
tion on rare adverse events, such as bleeding and the introduc-
tion of direct thrombin inhibitors may replace warfarin in clin-
ical practice. Also, a clearly defined intervention and a test
providing rapid results are needed to enable genotyping to
have an impact on clinical management.

Data presented in this review could provide a basis for mod-
eling the impact of genotyping. However, the key outcome (the
number of bleeding events prevented by genotyping before
starting warfarin and altered clinical management) could only

February 2005 - Vol. 7 - No. 2

be estimated (assuming that such a benefit exists) and assessed
using sensitivity analysis. Pilot studies could be used to provide
such estimates for modeling.

This study provides an illustration of the potential and prob-
lems of pharmacogenetics. Although there appears to be the
possibility of tailoring drugs to patients and preventing adverse
reactions, it is unclear in practice whether these benefits will be
achieved. These benefits could be achieved through more in-
tensive management based on phenotypic testing. It is not
clear what the added value of genotyping would be in this case,
but additional studies may clarify this issue.

Appendix
Search strategies

PUBMED MeSH search

(1) Anticoagulants [exp]; (2) Warfarin [exp]; (3) 1 or 2; (4)
Cytochromes [exp]; (5) Cytochrome P-450 enzyme system
[exp]; (6) 4 or 5; (7) Genotype [exp]; (8) Genes [exp]; (9)
Alleles [exp]; (10) Polymorphism (genetics) [exp]; (11) 7 or 8
or9or10;(12)3and 6 and 11

PUBMED Text word search

(1) Warfarin; (2) S-warfarin; (3) 1 or 2; (4) Cytochrome*;
(5) Cytochrome-P450*; (6) Cytochrome P450; (7) Cyto-
chrome P-450; (8) CYP2C9*; (9) 4 or 5 or 6 or 7 or 8; (10)
Genotyp*; (11) Gene*; (12) Allele*; (13) Polymorphism*; (14)
10 or 11 or 12 or 13; (15) 3 and 9 and 14

EMBASE Subject heading search

(1) exp Anticoagulant Agent/ (160845); (2) exp WARFA-
RIN/ (17212); (3) 1 or 2 (160845); (4) exp Cytochrome/
(40164); (5) exp Cytochrome P450/ (21207); (6) 4 or 5
(40164); (7) exp GENOTYPE/ or exp GENOTYPE PHENO-
TYPE CORRELATION/ (39911); (8) exp Gene/ (140346); (9)
exp Allele/ (24647); (10) exp GENETIC POLYMORPHISM/
(74357); (11) 7 or 8 or 9 or 10 (241961); (12) 3 and 6 and 11
(177); (13) from 12 keep 1-177 (177)

EMBASE Text word search

(1) warfarin.mp.; (2) seconds-warfarin.mp.; (3) 1 or 2; (4)
cytochrome$.mp.; (5) cytochrome P450.mp.; (6) cytochrome
P-450.mp.; (7) cytochrome-P450.mp.; (8) CYP2C9$.mp.; (9)
4 or5or6or7or8; (10) genotyp$.mp.; (11) gene$.mp.; (12)
allele$.mp.; (13) polymorphism$.mp.; (14) 10 or 11 or 12 or
13;(15) 3 and 9 and 14; (16) from 15 keep 1-248
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Appendix 1

Search Strategies

PUBMED Mesh Search
1. Anticoagulants [exp]
2. Warfarin [exp]
3.1o0r2
4. Cytochromes [exp]
5. Cytochrome P-450 enzyme system [exp]
6.40r5
7. Genotype [exp]
8. Genes [exp]
9. Alleles [exp]
10. Polymorphism (genetics) [exp]
11.7or8 or9 or 10
12.3and 6 and 11
PUBMED Text word search
1. Warfarin
2. S-warfarin
3.1or2
4. Cytochrome*
5. Cytochrome-P450*
6. Cytochrome P450
7. Cytochrome P-450
8. CYP2C9*
9.4or50r6o0r7or8
10. Genotyp*
11. Gene*
12. Allele*
13. Polymorphism*
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EMBASE Subject heading search
1. exp Anticoagulant Agent/(160845)
2. exp WARFARIN/(17212)
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(39911)
. exp Gene/(140346)
9. exp Allele/(24647)
10. exp GENETIC POLYMORPHISM/(74357)
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o
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.4or50r6or7or8

. genotyp$.mp.

. gene$.mp.

. allele$.mp.

. polymorphism$.mp.
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.3and 9 and 14

. from 15 keep 1-248
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